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I. INTRODUCTION 
A. Purpose 
The purpose of this research was to study how changes in 
the substituents in certain gaseous molecules affect intra­
molecular distances, angles between bonds and amplitudes of 
vibration in these molecules. The compounds selected for 
this study included diborane, deuterated diborane, trimethyl-
borine, tetramethyldiborane, and chlorine. In order to study 
the above changes, structural parameters characterizing these 
molecules had to be determined to a greater degree of 
accuracy than was known at the time the investigation began. 
Electron diffraction techniques (1, 2) were used in this 
investigation for determining structural parameters. 
Diborane and deuterated diborane were studied in an 
effort to ascertain whether an appreciable secondary isotope 
effect existed in the BB distances. 
Trimethylborine and tetramethyldiborane were studied to 
see what changes take place in the BC distances and angles 
as the number of atoms bonded to the borons is changed from 
three to four. It was also of interest to see how the 
replacement of the terminal hydrogens in diborane with four 
methyl groups affected the BB distances. It was hoped that 
something could also be inferred about the internal rotation 
of the methyl groups in trimethylborine and in tetramethyl­
diborane. 
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At the time this investigation originated, a new method 
was being examined for measuring intensities of electron 
diffraction patterns. In order to test this method, chlorine, 
which had been studied previously by Robert DeNeui (3), was 
reinvestigated. 
Conventional procedures used in examining electron 
diffraction data require the subjective judgement of the 
person performing the analysis. In order to obtain more 
objective results and at the same time to eliminate some of 
the manual computational errors, a method was devised for 
automating the processes involved in the analysis. Results 
obtained thus far have been very encouraging. 
B. Review of Compounds 
The correct molecular geometry of diborane was first 
proposed by Dilthey (4) in 1921 and later by Core (5) and 
Nekrason (6). An experimental investigation of the structure 
was not attempted until Bauer (7) in 1937 used the "visual" 
electron diffraction method for this purpose. He concluded 
from his experiments that the configuration was similar to 
that of ethane. His findings seemed to be consistent with 
data obtained from mass spectroscopy (8) and x-ray 
diffraction studies (9)« 
During the period from 1940 to 1947 various experimental 
and theoretical studies were made which cast doubt on the 
ethane type structure (10 - 14). In 19^7 and 1948 Price 
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(15, 16) made a study of the infrared absorption spectrum of 
diborane in relation to that of ethylene. He found that the 
absorption spectra were remarkably similar and concluded that 
diborane had a "bridged hydrogen" structure as postulated by 
Dilthey. About the same time that Price was making his study, 
Hedberg and Schomaker (17) reinvestigated diborane using the 
electron diffraction technique and also concluded that the 
"bridge" structure was correct. 
Discussions of possible electronic configurations of 
diborane and other boron hydrides have been given by Lipscomb 
(18, 19), Pitzer (13) and Pauling (20). In 19>+7 Bundle 
(21, 22) presented a general theory which could explain the 
bonding in electron deficient compounds. 
The structure of trimethylborine was studied by Levy 
and Brockway (23) in 1937* Bauer et al. (24- - 26) have 
done work on various other compounds containing the boron 
carbon bond. 
The approximate structure of tetramethyldiborane was 
obtained by Hedberg, Jones and Schomaker and cited by 
Sutton (27). 
The interatomic distance in the chlorine molecule was 
obtained by Pauling and Brockway (28) in 193^ by electron 
diffraction techniques. Badger as cited by Pauling (28) 
calculated the interatomic distance in chlorine from the 
band spectrum reported by Elliott (29) in 1930* The most 
If 
recent spectroscopic study was done by Richards and Barrow 
(30) in 1962. 
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II. STRUCTURAL ANALYSIS 
A. General Remarks 
1. Apparatus 
All of the experimental intensity data used in this 
research were taken with the electron diffraction unit (see 
Figure 1) recently constructed at the Institute for Atomic 
Research at Iowa State University. The unit is similar to 
the one at the University of Michigan (1), but was designed 
to fix the camera distance more precisely and give a greater 
range in scattering angle. It is equipped with a sector 
which has an angular opening proportional to the cube of 
the radius. Three different camera distances are available 
for use. The two longest distances of 21.4 and 10.7 
centimeters were used to obtain the diffraction patterns 
of the previously mentioned molecules. These two camera 
distances made it possible to record the scattered intensity 
from s = 3.5 A"1 to s = 40.0 Â"1 where s is the scattering 
variable given by (4lT/ X)sin(0/2), > is the wavelength of 
the electron beam and 0 is the scattering angle. The high 
speed diffusion pumps on the unit, the stability of the beam 
and the use of appropriate apertures make it possible to 
obtain clean diffraction patterns beyond s = 60 A"^ when 
the shortest camera distance of 6.8 centimeters is used. 
The diffraction patterns were recorded on four by five inch 
Figure 1. A front and side view of the electron diffraction unit at Iowa State 
University. 
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Kodak process plates. 
The electron beam was accelerated through a potential of 
40,000 volts. The beam current used for diffraction was 0.5 
microamperes. This represented about one percent of the total 
space current emitted by the filament. 
The intensities of the diffraction patterns were obtained 
by scanning completely across the photographic plates from 
right to left with a microphotometer while the plates were 
spinning. The spinning helps to average out grain effects, 
flaws in the emulsion and fluctuations in the pattern caused 
by small deviations in the beam current (31). 
When an electron beam is passed through a stream of 
gaseous molecules it is diffracted. The diffraction pattern 
obtained is a series of concentric diffuse rings. The fact 
that these rings all have a common center makes it possible 
to find the exact center of the rings in the following way. 
First an approximate center is found. The plate is then 
rotated about this center at 5*5 revolutions per second. 
Next intensity measurements are made beginning at an outer 
edge of the spinning plate and scanning the plate across the 
center and out to the opposite edge. Thus two sets of 
intensity values are obtained for each plate. The correct 
intensity for a given distance from the true center is the 
average of two intensities measured at points equidistant 
from the approximate center. The difference between the two 
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sets of intensities gives an indication as to the amount of 
random scatter in the readings caused by fluctuations in the 
microphotometer and also an estimation of how far off center 
the plates were when read. 
Previous to this research, a microphotometer had been 
used in conjunction with a recording potentiometer to measure 
the intensities and positions of the rings in the diffraction 
patterns. The graphs obtained from the recorder were smoothed 
and then measured at quarter millimeter intervals. This 
smoothing process necessarily caused the data points to be 
correlated to a certain degree. In the work described in this 
thesis a voltage-to-frequency converter and a direct reading 
digital voltmeter were used in place of a recording potentio­
meter. The instrument had a random fluctuation of approxi­
mately one-tenth of one percent of the intensity measurements. 
The measurements were uncorrelated and could be used in 
determining the experimental error. 
The voltage data obtained by this method were converted 
into intensity values by I.B.M. 650 and 70?*+ digital 
computers. The 650 programs were the same as those described 
by Bonham and Bartell (32). The 707^ programs were similar 
to those used on the 650, but were rewritten in the fortran 
programming system. This system allowed the expressions 
used to be evaluated more rigorously* 
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2. Analysis of the radial distribution function 
Three or four apparently flawless diffraction patterns 
were chosen from each camera distance and scanned using the 
microphotometer in conjunction with the voltage-to-frequency 
converter» The measured voltages were corrected for the drift 
which was inherent in the instrument and then converted into 
optical densities and averaged. In the following equations 
the subscript R will represent measurements which were made 
while the microphotometer was traveling from the outside of 
the diffraction pattern towards the inside and L will repre­
sent measurements which were made while the microphotometer 
vtas traveling from the inside of the diffraction pattern 
towards the outside. The equation used to compute the 
effective mean optical densities for structure analysis was 
1. D = (Dr + D&)/2 - (1/4.6) [ (AV - AV0)/(Vm - VQ) 
+ AV0/(Vr -  VJ) ]  
where D% is Log((V 0^Q - VQ)/(VR - VQ)), 
Dl is Log ((Vj00 - VJ) / (V X  - vg)), 
VQ is the initial voltage with the shutter closed, 
Vij-QQ is the initial voltage at a clear portion of 
the plate, 
VQ is the final voltage with the shutter closed, 
AV0 is (Vj - Vg), 
AV is (VR - Vl) at r = 43.75 millimeters and 
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VM is VR at r = 4-3.75 millimeters. 
The difference "between the optical densities from R and L was 
assumed to be 
2. AD = (DR - DL) + (1/2.3) L (AV - AV0)/(VM - vg) 
+ AV0/(VR - V0)3[ (r - rmin)/(rmax - rmin)] 
where r is the plate radius at each observed optical density. 
The latter portion of Equations 1 and 2 is a correction for 
the drift in the microphotometer, 
A set of optical densities was considered usable if the 
scatter in AD due to centering was no more than three tenths 
of a percent of the optical densities and that due to random 
scatter was no more than one tenth of a percent of the optical 
densities. 
The optical densities were converted into average 
_ N 
intensities by the equation 1 = 2 Dj_(l + aDj_)/N where a is 
a photographic emulsion calibration constant equal to 0.05 
(33) and N is the number of plates included in the average. 
These intensities were leveled by dividing through by 
theoretical atomic intensities, I&, where 
3. Ia = r3 2 [ (Zjj- - Fk(q) )2 + Sk(q) ] /q^  
k 
and Z is the atomic number of the k**1 atom, 
F(q) is the coherent atomic scattering factor, 
S(q) is the incoherent atomic scattering factor, 
12 
r Is the plate radius corresponding to q and 
q is the scattering variable equal to 4O(sin0/2)/X » 
The coherent scattering factors were computed from approxi­
mations of the type (34, 35) 
4. F(q) = 2 an/(l + bq2)-^ 
n 
where a, b, and 1 are constants. The analytical expression 
used for the inelastic atomic scattering factor (36) was 
5. S(q) = Ak C 1 - 0.200/(1 + 4.252W2) - 0.302/(1 + 9.WW2)2 
- 0.217/(1 + 31.9W2)1* - 0.216/(1 + 108.2W2)8 3 
where W is 0.176 q/dozj^) and Ak is a constant. 
The equation for the total experimental intensity is 
6. It = (Ï - Iext)(l + (r/L)2)3/2 0SC/IA 
where the quantity (1 + r/L)2)3/2 corrects for the inverse 
square falloff of the intensity on a flat photographic plate. 
The symbol Iext represents the extraneous intensity 
approximated by the function (ar2 + a(ar2)2)Eex+. where a, 
a, and Eext are constants and 0gc is the correction for flaws 
in the sector. 
The total intensity, It, obtained in electron diffraction 
experiments can be expressed as the quantity 1^(1 + %/^-A) * 
In this formula I& is due to scattering from individual atoms 
and is called the atomic intensity. The symbol % is known 
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as the molecular intensity. The molecular intensity is caused 
by coherent interference of the diffracted electron beam as a 
result of the molecular structure. The background, 1%, is a 
result of errors in theory, scale factor differences between 
the experimental and theoretical intensities and possibly 
varying sensitivities of the photographic emulsion. If the 
total intensity is divided by I^ a!nd the result added to 
minus one, a ratio of the molecular intensity to the atomic 
intensity, %/1^j Is obtained. This quantity is called the 
reduced molecular intensity, M(s). It is a particularly 
convenient function for overlapping the intensity data from 
different camera ranges and comparing them with a theoretical 
intensity function. 
A radial distribution function (32) can be calculated 
from the reduced molecular intensity function by the equation 
sm 2 
7. f(r) = 2 sM_(s)e"DS sin sr As 
s=l 
where Mc(s) is M(s) + AM(s), b is an artificial damping 
factor (37), AM(s) is a function defined by Bonham and 
Bartell (38) and sm is the maximum value of s used. 
A constànt coefficient theoretical molecular intensity 
function, Mc(s)^, is used in the small s range where 
experimental intensity data are unobtainable. The 
constant coefficient theoretical function is given by 
Ik 
8. Mc(s)th = n< [ZiZjë^)ijs2/2^og Arj ^  ) 
i j 
(sin s (rg(l)1;j + g(s)ij ))/s(re)1j ] / 2 (Zk + Z§) 
where is the root mean square amplitude of vibration 
of the ijth atom pair and is defined in (39) > cos (A^ j_j ) is 
a phase shift correction introduced because of the failure of 
the Born approximation (4-0), Zg(l)ij is the center of gravity 
of the ijth peak in the f(r) function, g(s)^ is a frequency 
modulation term caused by the anharmonic vibration of the 
ijtb atom pair and (re)jj is the equilibrium distance of the 
ijth atom pair. 
The radial distribution function was corrected for 
integral termination errors (4-1) by the addition of the 
equation 
9. T = (8/2) 2 [cy(re)j] exp (-HjS2)(I_ - I+) 
where I is [2HJsm cos(X^sm) - Xj sin(XjSm)]/ [(2HJSM)2 + X2], 
I+ is [2Hjsm cos(pjSm) - pj sin(pjSM)]/[(2HJSM)2 + p2], 
sm is the largest experimental s used, 
Hj is (b + l2/2), 
Xj is |r - (re)j), 
Pj is (r + (r3)j), 
and R, b and c are constants. 
The asymmetry of the peaks in the radial distribution is 
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partially removed by the addition of the equation 
10. A = -K 2 Ccia.l,/(6(re)j(2b + 1 ?)1/2)] j J J J v 
Llj(r - (re)j)/(2b + lj)]^ exp[-(r - (re)^)2/(4b + 212)] 
where a, K and b are constants. It is necessary to remove the 
asymmetry from these peaks in order to obtain as close a fit 
as possible with a synthetic radial distribution function 
which is calculated from symmetrical gaussian functions. 
The corrected radial distribution function, fc(r), is 
then analyzed by minimizing the sum of the squares of the 
differences between the experimental and the synthetic radial 
distribution function f(r)syn. The synthetic function (32) 
has the form 
11. f(r)gyn = K 2 Cj/[rd(2b + l|)1/2J 
J 
exp L-(r - r . )2/(4b - 21^)] 
û J 
where K, cj and b are constants. The parameters obtained 
from this analysis are the centers of gravity of the peaks 
in the f(r)c function. They were corrected to parameters 
corresponding to the centers of gravity of the peaks in the 
probability distribution function by the equation (39) 
12. rg(0) 2 rg(c) + l2/rQ + (3a2/2re - 5a/2r02 + 2/re3 
P II 
+ a/(4b + 21Q))la + (gas delocalization corrections) 
16 
where h is the artificial damping factor in exp(-bs2), 
a is the Morse asymmetry constant, 
1Q is the harmonic root mean square amplitude of 
vibration (39) and 
the gas delocalization correction^ is given in (4-2). 
1. Analysis of the intensity function 
The first intramolecular distances obtained from 
electron diffraction experiments were performed by the 
"visual" method (28, 4-3) of analysis. This method consisted 
of comparing the positions of the apparent maxima and minima 
and their relative intensities on photographic plates with a 
series of theoretical intensity curves. The model in best 
agreement with the experiment was considered to represent the 
most probable structure of the molecule. This method had the 
advantage of requiring comparatively little time for an 
analysis, but was highly subjective and of rather limited 
accuracy unless the work was done by exceptionally skilled 
personnel. It also was incapable of yielding all of the 
parameters obtained by modern methods and techniques. 
After the introduction of the rotating sector in 1937, 
precision recording microphotometers could be used to measure 
the experimental intensities. The 11 sec tor-microphotometer" 
^It was not necessary to make corrections for gas 
delocalization in these experiments since the pressure 
build-up in the diffraction chamber was negligible during 
the time the plates were being exposed. 
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method along with an improved theory of electron diffraction 
has led to an almost completely objective procedure for the 
determination of molecular structures. 
The drawing of the background intensity, 1%, in current 
schemes of analysis is still a partially subjective procedure. 
Thus the use of an analytical function in place of a manually 
drawn 1% would greatly help in making an analysis of electron 
diffraction data more objective. It would also make it 
possible to automate almost completely the determination of 
molecular structures from diffraction data. 
Since the background intensity is a reasonably smooth 
function it was thought that it could be approximated by a 
polynomial series or by a slight modification of a polynomial 
series. This type of function has the advantage of being 
easily adapted to automated processes. With it a theoretical 
intensity function Ic(s) can be calculated. The form of this 
function is 
13. Ic(s) = B(s )(RM(s ) + 1) 
where B(s) is the polynomial series approximating Ib and is 
given by 2a^s\ 
2 2 \ 
lb. M(s) = 2 2«(Z - F(s))i(Z - F(s)).iS (lm)ij/2 
i j J 
[cos(A7}±j) sin s[(rg(l))ij + 0(s)ij]/s(rQ)ijJ 
/2 L(Z - F(s))2 + S(s)k] 
k 
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and R is the index of resolution defined by M(s)eXp/M(s)th« 
The analysis of the experimental intensities was perform­
ed by minimizing the sum of the squares of the differences 
between the experimental intensities and the theoretical 
intensities. The minimum was reached by varying the 
structural parameters and the coefficients of the polynomial 
background. 
It soon became apparent that the polynomial function 
B(s) of low degree was not capable of fitting the background 
at small s values, as the background bends very sharply in 
this region. A polynomial of high degree, on the other hand, 
cannot be trusted to give a smooth background. It was found 
that by adding an exponential term to the polynomial a smooth 
background with the proper bend could be obtained. This 
function has the form 
15. B(s) = A §PS + 2 a^s1 
i 
where the constant p is determined from the sharpness of the 
bend in the background function and A is a parameter to be 
varied during the analysis. 
The polynomial backgrounds obtained by letting a computer 
calculate the polynomial coefficients were usually very smooth 
functions. They were essentially the same as those obtained 
when the criterion was used that no negative regions be 
allowed in the radial distribution function. The structural 
c 
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parameters were also in agreement within the limits of the 
estimated error of those obtained from the f(r). Polynomials 
of degree five to eight gave essentially the same final 
results. # > 
4. The method of least squares and treatment of errors 
There are many methods of fitting an experimental func­
tion, Ye, with a theoretical function, Yc. The method used 
in this research was to minimize the sum of the squares of 
the differences between the theoretical and the experimental 
functions with respect to the variables characterizing the 
function. 
Suppose that Y is a nonlinear function of the variables 
tj_. Then the function can be expressed as a linear function 
by expanding it in a first order Taylor series about the 
points of t^. Thus if tj[ = At^ + t^, the first order 
expansion of the function has the form 
M 
16. Y(tj_ + Atj_) = Y(ti) + 2 9 Y/d^ | ti Atj^ + V 
where M is the number of parameters characterizing Y and 
V is a residue which approaches zero as tj_ approaches t% 
The least squares criterion states that the best set of 
parameters characterizing Ye is obtained when the sum of the 
squares of the differences (Y@ - Yc) is a minimum. For this 
to be so the derivative of this sum with respect to each 
parameter must be zero. The sum is given by 
20 
N g N _ 
17. Q = 2 V.f Wi = 2 (Ye - Yc)f 
where Wj_ is a weighting function and N is the number of 
experimental Yg. After the sum is minimized with respect 
to each parameter and equated to zero a set of symmetric 
equations, called the normal equations, can be obtained and 
solved for Atj_. The normal equations are 
M N , 0 c 0 
18. 2 Atj_ 2 OYyatJtp ( OYj/ 3t^ |tp Wj 
= 2 Wj (Ye - Yc(t°)) ( 3Yj/dtk|t£) 
0 
where k = 1, 2, ... M and t^ are initial guesses. 
The solution of the normal equations in linear regression 
theory is usually unique and yields the absolute minimum of Q. 
In nonlinear problems an iterative process must be used 
starting with a guess, t^, that is reasonably close to the 
final converged results. The solutions At^ of the normal 
equations are added to the initial guesses t^ and a better 
set of estimators t^ are obtained. The parameters t^ now 
replace t!? as guesses and the process is repeated again and 
again until the sequence of t^ converges. 
It can be shown that At^ must be within a certain limited 
range of t^ for the Taylor expansion of Y to be meaningful. 
In this research At^ is modified by the function 
Atmax At^/ | At^| + Atmax where Atmax is the maximum value 
21 
that At^ is allowed to assume. Thus when At^ is small 
compared to Atmax the function approaches At%. When At^ is 
large the function approaches Atmax. The value of Atmax that 
was used in the analysis of the intensity data was 0.1 la for 
the amplitudes of vibration and 0.03 for the intramolecular 
distances. 
An estimation of the errors in the structural parameters 
obtained from the intensity data may be made by using the 
method derived by Linnik (M+) and by Whittaker (4-5). In 
this method the assumption is made that the data points are 
uncorrelated; thus this method of error analysis is applicable 
to unsmoothed intensity data but not to a radial distribution 
function unless the correlation between the so-called 
experimental radial distribution data points is removed by 
a weighting function. 
p 
The errors in the parameters found by analyzing the 
intensity data are expressed as a(t^) = ^ 0^ o(I) where Cj_i 
are the diagonal terms in the inverse normal matrix and cr( I ) 
is the standard deviation of the experimental intensity 
function from the theoretical function» 
When a single parameter, t, is varied the expression for 
the standard error in t takes the form 
19. <r(t) = [2 (WI(YE - YC)2)/(N - 1)(2 WJ_ AYJ/ 3t|t0)2 ] 1/2 
2For the radial distribution function the errors were 
determined by the method described by Bonham and Bartell (32). 
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The standard deviations given by the above equations 
are a measure of how well the theoretical function fits the 
experimental data and do not contain the systematic errors 
due to experimental procedures. The systematic errors must 
be considered separately. A representative set of experi­
mental errors obtained when careful work is done was 
tabulated by Kuchitsu and Bartell (39). 
B. Structure of Chlorine 
The internuclear distance in chlorine and root mean 
square amplitude of vibration were redetermined in order to 
evaluate whether a direct reading digital voltmeter could 
replace the recording potentiometer as the measuring device 
for the microphotometer. The direct reading microphotometer 
operates in the following way. A beam of light, after 
passing through a photographic plate, registers a voltage by 
means of a photocell. This voltage is continuously converted 
into a high frequency signal, the frequency of which is 
proportional to the voltage. The signal is "counted" by a 
digital scaler which then produces a digital image of the 
voltage. A determination of the internuclear distance and 
amplitude of vibration for chlorine had been made previously 
by DeNeui (3). The original diffraction plates used by 
DeNeui were precisely the same plates used in the present 
investigation. DeNeui, however, used a recording potentio­
meter to measure the voltage appearing at the photocell. 
Figure 2. A plot of the experimental radial distribution 
function for chlorine. The bottom curve is a 
plot of the difference between the experimental 
and calculated radial distribution functions. 
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f  ( r )  
A f  ( r )  
A f ( r )=EXR -  CALC.  
2.0 2.1 
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The random scatter in the intensity values was approximately 
0.1 percent for both methods. The resulting structural 
parameters were also the same. 
The internuclear distance which DeNeui reported contained 
a small error of computation. When this error is corrected 
, it is found that DeNeui's analysis agrees with the present 
analysis to within about one part per 10,000 in internuclear 
distance. 
The mean interatomic distance, rg(0), in chlorine was 
found to be 1.9927 + 0.0045 A. The amplitude of vibration, 
o 
la, was found to be 0.0439 + 0.0021 A. The mean distance can 
be reduced to an equilibrium parameter if a potential function 
characterizing the molecule is assumed. When a Morse 
potential is used the value for re can be obtained from 
20. re = **g(0) - (3ala^/2 + 13a^laVl2 + ...) + &rot 
where a is the Morse asymmetry constant and 6rot is a 
correction for the centrifugal stretching (46) of the bond. 
The correction, 6rotj is approximately -kT/reKe where k is 
the Boltzman constant and Ke is the force constant of the 
bond. When the value of 2.0 A"1 is used for a the corrected 
equilibrium bond length was 1.9856 + 0.0045 X» 
C. Structure of Trimethylborine 
A sample of vacuum distilled trimethylborine was 
obtained from Dr. C. W. Heitsch of Iowa State University. 
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The sample was stored at -196°C until a short time before its 
use. The gas entered the diffraction chamber at room tempera­
ture and at a pressure of 35 millimeters of mercury. The 
exposure time was approximately six seconds for the long 
camera range and approximately thirty seconds for the middle 
camera range. 
After careful examination of all the diffraction patterns 
taken, three plates from the long camera range and four plates 
from the middle camera range were selected for microphoto-
metering. The experimental data were converted into total 
intensities by the use of an I.B.M. 650 digital computer. 
All other calculations were made on an I.B.M. 7074 digital 
computer. 
The mean distance parameters in molecules, as determined 
by electron diffraction techniques, are an average over the 
vibrational motions in the molecules. These vibrations in 
trimethylborine cause the CC nonbonded distance to appear 
shorter in comparison with the CB bonds than would be expected 
if the CBC angle were assumed to be 120°. This effect has 
been called a "shrinkage" by Bastiansenet al. (47, 48). 
The experimental "shrinkage" effect in the carbon-carbon 
distance was approximately 0.0028 X. 
By the use of a computer program obtained from Denis 
Kohl (49), the carbon-hydrogen nonbonded distances were 
calculated at ten degree intervals of internal rotation of 
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the methyl groups about the carbon-boron axis. The number of 
times that each distance occurs was weighted by the normalized 
classical probability distribution P(6) = A exp(-V(6)/RT). 
The symbol A is the normalizing factor, V(6) is a six-fold 
potential energy function expressed as VQ(1 - cos 66)/2 and 
the quantity VQ is the potential barrier. Synthetic radial 
distribution functions having different values of V0 were 
then calculated. On comparison of the different synthetic 
curves with the experimental radial distribution function it 
was found that when VQ was zero the best fit was obtained. 
The free rotation model was to be expected since 
molecules of nominally the same symmetry have been studied 
previously by microwave spectroscopy by Baylor and Wilson 
(^O) and by Scott (51) and were found to have low potential 
barriers. They found that the height of the barrier to 
internal rotation was 13.77 ± 0.03 calories per mole for 
methyldifluoroborine and 6.03 + 0.03 calories per mole for 
nitromethane. Molecules that have barriers to internal 
rotation with this small an energy difference appear as 
free rotators when analyzed by techniques of electron 
diffraction. 
Table 1 shows values for the main parameters obtained 
from the analysis of the radial distribution function. The 
structural parameters obtained from an analysis of the radial 
distribution function, and the least square analysis of the 
Figure 3» The solid curves are plots of the experimental total intensity and 
background functions for the long camera range data of trimethylborine. 
The experimental background was obtained using the criterion of no 
negative regions in the radial distribution function. The dashed 
curves are calculated intensity and background functions obtained by 
fitting the experimental intensity by the method of least squares. 
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Figure 4. The solid curves are plots of the experimental total intensity and 
background functions for the middle camera range data of trimethylborine. 
The experimental background was obtained using the criterion of no 
negative regions in the radia] distribution function. The dashed 
curves are calculated intensity and background functions obtained by 
fitting the experimental intensity by the method of least squares. 
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Figure 5* A plot of the experimental radial distribution function of trimethyl­
borine . The lower curve is a plot of the difference between the 
experimental and calculated radial distribution functions* 
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Table 1. Molecular parameters for trimethylborine obtained 
from the radial distribution function 
Distance rg(l) rg(0) <r(r) la c(l) 
B-C 1.5758 1.5778 0.0011 0.0537 0.0014 
c ... c 2.7233 2.7255 0.0013 0.0760 0.0017 
B ... H 2.2377 2.2451 0.0051 0.1274 0.0046 
C-H 1.1088 1.1150 0.0022 0.0818 0.0024 
LCBC = 119.5 + 0.2° 
L BCH = 111.8 + 0.2° 
Index of Resolution H
 
O
 
O
 
± 0.03 
long and middle intensity data were the same to within the 
range of the estimated errors. 
D. Structure of Diborane and Denterated Diborane 
Samples of spectroscopically pure diborane and deuterated 
diborane were obtained from Dr. C. W. Heitsch of Iowa State 
University. The samples were stored at -196°C until a short 
time before they were used. The samples were introduced into 
the diffraction chamber at room temperature and at a pressure 
of thirty-five millimeters of mercury. The exposure times 
were approximately seventeen seconds for the long camera 
range and approximately ninety seconds for the middle camera 
range. The pressure in the diffraction chamber was about 
35 
5 x 10"5 millimeters of mercury and increased to a maximum 
of 8 x 10""5 millimeters of mercury as the gas entered the 
chamber. The I.B.M. 650 digital computer was used exclusively 
in analyzing the diffraction patterns of these two compounds. 
The effect of replacing the hydrogens with deuteriums 
was very noticeable in the radial distribution functions of 
the two compounds. The BD peaks and also the DD peaks were 
sharper than the corresponding peaks in Bg%. This was 
caused by the smaller amplitudes of vibration associated 
with the heavier deuteriums. 
In Bg% the BB distance appeared to be O.OO38 + 0.0059 X 
longer than in BgD^. The mean BBHt angle was found to be 
II9.9 + 0.6 degrees and the corresponding angle in BgD^ was 
found to be 118.8 + 1.6 degrees. The mean H^BH^ angle was 
97*0 +0.7 degrees. The corresponding angle in B2D5 was the 
same. 
The index of resolution was unity. This and the fact 
that there was no observed build up of gas pressure in the 
diffraction chamber as the patterns were recorded lead to a 
negligible correction to the intramolecular distances due to 
the scatter of electrons by delocalized gas. 
Tables 2 and 3 give the parameters obtained from an 
analysis of the radial distribution function. 
The reason for the relatively high uncertainties in the 
diborane and deuterated diborane data should be pointed out. 
Figure 6. A plot of the experimental total intensity and "background function for 
the long camera range data for diborane. 
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Figure 7» A plot of the experimental total intensity and background function for 
the middle camera range data of diborane. 
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Figure 8. A plot of the experimental total intensity and background function for 
the long camera range data of deuterated diborane. 
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Figure 9« A plot of the experimental total intensity and background function for 
the middle camera range data of deuterated diborane. 
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Figure 10. The dashed curve is a plot of the experimental radial distribution 
function of diborane. The solid curve is a plot of the experimental 
radial distribution function of deuterated diborane. The lower curves 
are plots of the differences between the experimental and calculated 
radial distribution function"o 
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Table 2. Structural parameters obtained from the radial 
distribution function of BgH^  
Distance rg(0) rg(l) ff(r) la c(l) 
BB 1.7750 1.7729 0.0040 0.0607 0.0025 
BHt 1.196 1.191 0.016 0.074 0.016 
BHb 1.339 1.334- 0.016 0.086 0.016 
B...H 2.5881 2.5826 0.0088 0.1181 0.0053 
BHaVea 1.2670 0.0045 
ABHb 0.143 0.015 
Z BBHt = 119.9 ± 1.6° 
ZHbBHb = 97.0 + 0.7° 
Index of Resolution = 1.00+ 0.03 
%enter of gravity of boron-hydrogen composite peak. 
S^plit between BH-fc and BHb. 
After the B2H5 and BgD^  plates were taken and analyzed it 
was discovered that the sector mounting was slipping inside 
the steel ball bearing race as the sector rotated. This 
caused the phase angle of the known magnetic disturbance 
associated with the imperfectly demagnetized race to vary 
with respect to the sector. When the phase angle of the 
disturbance is fixed, which it is when the mounting is 
properly locked, the error can be accurately corrected for. 
4-7 
Table 3» Structural parameters obtained from the radial 
i distribution function of BgD^  
Distance fg(0) rgU) cr (r ) la 0(1) 
BB 1.7712 1.7692 0.0044 0.0594 0.0024 
BDt 1.198 1.194 0.016 0.065 0.016 
BDb 1.334 1.329 0.016 0.076 0.016 
B...D 2.5723 2 . 56 78 0.0082 0.1056 0.0051 
BDave& 1.2657 0.0045 
ABDb O.136 0.015 
L BBDt = 118.8 + 1.6° 
ZDbBDb = 96.8+0.7° 
Index of Resolution = 1.00+ 0.03 
C^enter of gravity of boron-deuterium composite peak, 
bgplit between BD^  and BDb. 
In the diborane plates, however, the disturbance was of 
unknown direction, and hence had to be assessed as an 
additional error. It amounted to approximately 0.2 percent 
of the interatomic distances. 
The particularly large uncertainties in the BEjj and 
BHb bonds are a result of the extensive overlap between the 
two radial distribution peaks. The center of gravity of the 
composite peak can be determined to 0.0045 i. The difference 
48 
between the two distances, on the other hand, can be 
O 
determined to only 0.015 A. 
E. Structure of Tetramethyldiborane 
A sample of vacuum distilled tetramethyldiborane was obtained 
from Dr. C. W. Heitsch of Iowa State University. The sample 
was stored at -196°C until a short time before it was 
introduced into the diffraction chamber. The sample was 
pumped on for 20 minutes at -78°C before each set of five 
diffraction patterns was taken. The sample was allowed to 
varm up to -11°C before introducing it into the diffraction 
chamber. The sample had a vapor pressure of approximately 
26 millimeters of mercury at -11°C. The plates were exposed 
for 6 seconds at the long camera range and for 18 seconds at 
the middle camera range. 
In order to determine the skeletal parameters that were 
obscured by the nonbonded BH and CH intramolecular distances 
in the radial distribution curve, an analysis by the method 
of least squares was performed on the middle camera range 
intensity data. It was shown by using models with different 
methyl group configurations that the distances with high 
scattering power and low amplitudes of vibration were mostly 
independent of the methyl configurations in the middle range 
data. Using the structural parameters that were determined 
in the above way, five models were calculated using different 
potential barriers to restrict the internal rotation of the 
Figure 11. A plot of the experimental total intensity and background functions 
for the long camera range data of tetramethyldiborane. 
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Figure 12. A plot of the experimental total intensity and background functions 
for the middle camera range data of tetramethyldiborane. 
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Figure 13« The solid curves are experimental radial 
distribution functions calculated at potential 
barriers of 0, 1/2, 1 and 2 kcal per mole. The 
dashed curves are the calculated radial distri­
bution functions corresponding to the same 
potential barriers. 
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Figure 14. A plot of the experimental radial distribution function of 
tetramethyldiborane. The lower curve is a plot of the difference 
between the experimental and calculated radial distribution functions. 
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Table 4. Structural parameters for tetramethyldiborane 
Distance YD or(r ) la cr(la ) 
B-C 1.5899 1.5878 0.0016 0.0574 0.0016 
Be. «C 2.9588 2.9559 0.0080 0.0929 0.0053 
C-H 1.1218 1.1152 0.0032 0.0851 0.0031 
B...B 1.8400 1.8376 0.0069 0.0664 0.0044 
B-Hfc 1.3642 1.3627 0.0063 0.0459 0.0063 
B...H 2.2742 2.2687 0.0080 0.1118 0.0056 
C • » ,C 2.7327 2.7307 0.0080 0.0738 0.0052 
Z CBC = 120 + 1.5° 
I BCH = 109.2 + 0.6° 
L H^ BHt, = 95.2+0.5° 
Index of Resolution = 1.00 + 0.03 
methyl groups. The results are shown graphically in Figure 
13. A comparison of observed data and calculated curves 
suggests that the barrier to internal rotation is approxi­
mately 700 calories per mole.3 
An analysis of the radial distribution function gave 
essentially the same parameters for the CH bond, the CB 
3it was assumed in the calculation of the models used 
to determine the potential barrier that the configuration of 
the tetramethyldiborane skeleton (not counting the hydrogens 
on the methyl groups) was Cgv 
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bond, the BH^  bond and the BB distance as the independent 
analysis of the middle camera range data. Table 4- lists the 
structural parameters characterizing tetramethyldiborane. 
F. Comparison of Structures 
A comparison of results obtained from various structural 
determinations of diborane, tetramethyldiborane, trimethyl-
borine and compounds containing similar bonds is made in 
Table 5» The results show that the boron-carbon bond is 
longer in tetramethyldiborane than in trimethylborine by 
about 0.014 1. The CBC angle, however, is about the same 
in both compounds. 
The high uncertainties in most of the parameters taken 
from the literature make it difficult for definitive 
comparisons to be made. The boron-boron distance does, 
however, appear to be a function of the substituants attached 
to the boron atom. For example the boron-boron distance in 
diborane increases approximately 0.06 1 when some of the 
hydrogens are replaced by methyl groups. Replacing a 
hydrogen with a bromine atom, however, appears to have little 
effect on the distance. When one of the bridging hydrogens 
is replaced by an amino or dimethylamino group the boron-
o 
boron distance is increased by about 0.08 A. Substitution 
of the hydrogens with deuteriums gives an indication of a 
secondary isotope effect. The shift is not significant, 
though, when viewed in terms of Cruickshank1s (52) criterion. 
Table 5» Comparison of results of various structural determinations 
Molecule BC BB 
£HtBEt ZCBC 
BH-fc BH-fc CH degrees degrees Reference 
b2^ 6 
B(CH3>3 
B(CH3)3 
B2H2(CH3)lf 
B2H2(CH3)lf 
B2H3(CH3)^  
1.770 
±.013 
1.775 
+ .oo4 
1.771 
+ .004 
1.56 
+ .02 
1.578 
+ .001 
1.59 _ 1.84 
(app.)a (app.) 
1.590 
+ .002 
1.840 
+ .OO7 
1.187 
+ ,030 
1.196 
+ .016 
1.198 
+ .016 
1.334 
+ .027 
1.339 
±.013 
1.334 
+ .016 
1.364 
+ .006 
1.115 
+ .002 
1.122 
+ .003 
121.5 
± 7.5 
120.2 
+ 1.6 
118.8 
+ 1.6 
(17) 
present study 
present study 
120 (23) 
+3.4 
II9.5 present study 
+ .2 
120 (27) 
(app.) 
120 present study 
±1.5 
3 
1.61 1.86 
(app.) (app.) 
125 (27) 
(app.) 
A^pproximate. 
Table 5» (Continued) 
Molecule BC BB BHt B% 
B2%(NH2) 1.93 1.15 1.35 
+.09 +.09 (app.) 
B2H^ N(CH3)2 1.92 
BoHçBr 1.770 
±.013 
B4H10 1.75 1.19 1.33-
1.85 1.43 
B^ Hq 1.687 1.23 1.36 
' +.005 +.07 +.08 
1.800 
+ .003 
BfiH-i o 1.60 1.22 1.38 
+.01 +.06 +.08 
1.74 
+ .01 
1.74 
+ .01 
1.79 
+ .01 
/ HtBHt ZCBC 
degrees degrees Reference 
(53) 
(53) 
(27) 
(54, 55) 
(54, 56) 
(57) 
Table 5 • (Contlimed) 
Molecule BC BB BHT BHB CH 
Z HTBHT ZCBC 
degrees degrees Reference 
BiqHIU. 1.73 to 1.28 
2.01 
0
 
•
p •
ÂS 
•
 
•
 
H
 H
 
(58, 59) 
BH3CO 1.57 
+ .03 
1.540 1.194 113.9 (24, 60) 
(BH3CO)3 1.57 
±.03 
(25) 
BGCLIT 1.80 
+ .05 
(61) 
BF(CH3)2 1.55 
+ .02 
(26) 
BF2CH3 1.60 
+ .03 
(26) 
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The HBH angle in diborane is about 120°. The HBH angle 
in borine carbonyl, in contrast, is about 113.9°. 
The best agreement between experimental and calculated 
data for trimethylborine was obtained when the methyl groups 
were considered to rotate freely about the boron-carbon bond. 
This is consistent with the results of microwave work for 
nitromethane and methyldifloroborine'(50). Some information 
was also gained concerning the configuration of the methyl 
groups in tetramethyldiborane from a study of the experimental 
radial distribution function. These results indicated that 
the methyl groups were in a staggered configuration with a 
three-fold potential barrier to internal rotation about the 
boron-carbon bond. The height of the barrier appeared to be 
approximately 700 calories per mole. This is intermediate 
between the value for trimethylborine and values encountered 
in tetrahedral frameworks with electron pair bonds. 
The equilibrium bond length in chlorine was found to be 
I.986 + 0.005 A, including the uncertainty due to the magnetic 
disturbance. This is in satisfactory agreement with the 
spectroscopic results of both Badger as cited by Pauling 
(28) and of Richards and Barrow (30). The spectroscopic 
results were I.988 1 and 1.989 A respectively. 
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III. SUMMARY 
A reinvestigation of diffraction patterns of chlorine 
confirmed that a direct reading microphotometer could be 
used with confidence in measurements of electron diffraction 
intensities. The equilibrium bond length determined by this 
method was within 0.0001 K of DeNeui's earlier result obtained 
from the same patterns by a different technique. 
A procedure for the analysis of electron diffraction 
intensities was devised which almost completely eliminated 
the manual manipulation of data and the need for subjective 
judgement formerly made by the operator. An outstanding 
feature of this procedure is that the molecular structure 
parameters which characterize the data are determined by an 
automatic program that fits the experimental intensity with 
a theoretical function. This is done by an iterative method 
of least squares. For additional verification of the final 
results an experimental radial distribution function was 
also calculated and analyzed. 
Compounds selected for structural studies included 
trimethylborine, diborane, deuterated diborane and tetra­
methyldiborane. Experimental results are listed in Tables 
1 through 4. In Table 5 the principal results are summarized 
and compared with parameters reported in the literature for 
related compounds. The C-B bond length in trimethylborine 
(1.578 Â) was shorter than that in tetramethyldiborane 
64 
(1.590 1). The C-H distance was also shorter in trimethyl­
borine (1.115 A) than in tetramethyldiborane (1.122 1). 
These two molecules have BCH angles which are respectively 
111.8° and 109.2°. In the four compounds studied, the CBC 
and terminal HBH angles were approximately 120°. 
° 
A difference of 0.065 ± 0.008 A was found when the B-B 
distance in diborane (1.775 A) was compared with that in 
tetramethyldiborane (1.840 A). The bridge HBH angle was 97° 
for diborane and 95° for tetramethyldiborane. 
Internal rotation of the methyl groups about the C-B 
axis in trimethylborine was found to be unrestricted. In 
tetramethyldiborane, however, the methyl groups appeared to 
be in a staggered configuration with a three-fold potential 
barrier to internal rotation of approximately 700 calories 
per mole. 
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